The development of the fissures in soluble rock of karst areas directly affects the construction and operation safety of tunnel engineering. It is thus of theoretical and practical significance to study the characteristics of its corrosion and its influencing factors. Taking the Wulong tunnel as the research object, the numerical model of the study area was established to quantitatively analyze the corrosion range, corrosion ratio, and changes in the permeability and porosity of the fissures in soluble rock of karst areas of the tunnel over the past 100 years, and the simulation results were verified by field experiments. The results show that the main controlling factor of the fissure corrosion of the tunnel in the karst area is the flow rate. The corrosion range and corrosion ratio of the fissures of the tunnels in the karst area increased with temperature because the reaction rate constant increased with temperature, causing the reactions' equilibrium to move towards the direction of the solution. The larger the initial permeability and the larger the porosity of the fissures, the faster the fissures corrode. In the same time period, the fissures with high permeability and large porosity will lead to the permeability and porosity being more enhanced, thus causing the corrosion of the fissures to exhibit secondary enhancement effects. The opening of the dead-end pores greatly enhanced the permeability and slightly increased the porosity, which caused the differential corrosion of fissures in the karst area. The protection of the tunnel should be strengthened, mainly in strong hydrodynamic conditions and in the fracture development zone.
Introduction
Carbonate rocks account for 35% of the land area distribution of China [1, 2] . The karst development is very strong in Southwest China, which often led to geohazards and a variety of accidents of engineering construction [3] [4] [5] [6] [7] [8] . Due to the distribution of abundant mountains in Southwest China, the ratio of bridges and tunnels relative to roads or railways is mostly over 70%, some up to 90% [2, 9, 10] . The karst caves and subterranean rivers that are broadly distributed in karst regions often lead to accidents during tunnel construction and increase the cost of the tunnels' operation and maintenance [9] [10] [11] . The Wulong tunnel is one of the representative tunnel projects in the karst area of Southwest China. According to a preliminary investigation, karst doline, karst caves, and subterranean rivers were found in the tunnel crossing area [2, 9, 10] .
Elucidating the corrosion mechanism of carbonate rocks helps us analyze the corrosion development of the fissures in soluble rock of karst areas. Scholars have carried out many studies on the influence factors of karst development through experiments, numerical simulations, and other methods [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . These studies showed that the corrosion of carbonate rocks was influenced by internal factors, such as geological structures and rock compositions, as well as external factors, such as flow rates (rainfall), temperature, and pH.
In terms of the impact of fissures on karst corrosion, scholars have found that faults and fractures play a vital role in karst corrosion [25] [26] [27] . They found that in the unidirectional one-dimensional limestone fissures, the corrosion rate of the limestone fissures shows a nonlinear increase with time [16, [28] [29] [30] [31] [32] [33] . At the same time, scholars have also studied the characteristics of fissures and pore evolution under two-dimensional [14] and three-dimensional conditions [17, [34] [35] [36] [37] . In addition, by studying the changes in the microstructures of the carbonate rocks that were corroded, it was determined that corrosion is first determined by the lithology and its own structure [38] [39] [40] .
As for the influence of external environmental factors, such as flow rates, on karst corrosion, which are based on the basic principles of mineral dissolution, scholars obtained the basic differential equation of calcite dissolution rates through experimental research and mathematical statistics [15, 41] ; based on the corrosion law and surface corrosion theory of carbonate rocks, it was concluded that the flow rate, surface area, and concentration of major ions obviously affect the dissolution [22, 23, [42] [43] [44] . To assess the temperature factor, carbonate rock corrosion experiments between 0°C and 250°C were conducted, using rate equations for the corresponding temperature conditions to discuss the influence of temperature on the dissolution, precipitation, and surface corrosion of carbonate minerals [13, 19, 21, 23, [45] [46] [47] [48] [49] [50] [51] . In terms of pH, under natural conditions, the pH change in rain water is mostly caused by changes in the CO 2 content of air [22, 23, 28, 52] . Scholars found that the variation of pCO 2 in the range of 1~50 atm obviously affected the corrosion of carbonate minerals [22, 23] , while at pCO 2 values of lower than 0.1 atm, pCO 2 had very little influence on the corrosion of carbonate minerals [28, 52, 53] .
For tunnel engineering in a karst area, the geological and hydrogeological natural conditions must be taken into consideration [54] . The systematic study of the corrosion mechanism by numerical simulation and field experiments is of great importance for tunnel operation and maintenance.
In this paper, the Wulong tunnel, a typical tunnel project in Southwest China, was studied. The corrosion range, corrosion ratio, and changes in the porosity and permeability of karst cracks in the tunnel vault within a timeframe of 100 years were analyzed, and the differences in corrosion were discussed.
The Background of the Wulong Tunnel Engineering Area
The Wulong tunnel is located in Wulong County of China ( Figure 1 ) with a full length of 9418 m; it stretches along with the Wujiang Canyon and goes through the Wuling Mountains, with a maximum burial depth of approximately 830 m. The middle part of the tunnel passes through 3800 m of soluble rock. Many karst caves and subterranean rivers have been found in the Wulong tunnel engineering area. Therefore, the engineering geological and hydrogeological conditions in the tunnel area are very complicated. Wulong County is subtropical, with four distinct seasons, rain and heat over the same period, temperatures between −3.5°C and 41.7°C, and annual precipitation of approximately 1000-1200 mm.
Carbonate rocks and clastic rocks are predominant in the Wulong tunnel area. For the lithology of the tunnel from entrance to exit, see Table 1 and Figure 2 .
The study site is located within the Maokou limestone formation (P 1m ), and it is close to the Wujiaping Formation (P 2w ), which is a set of coal-bearing strata near the contact zone of insoluble and soluble rock. A large "Tiankeng," a karst doline (Yangaotuo doline), can be found on the ground above the tunnel ( Figures 3 and 4(a) ). The karst phenomenon is very developed near the area of the tunnel, and karst caves can be found in nearby strata (Figure 4(b) ).
In the study area, groundwater mainly receives rainfall infiltration, and the recharge, runoff, and discharge are controlled by topography, lithology, and faults. Karst groundwater flows to the Wujiang River in the form of subterranean rivers and springs in the tunnel area. The 2 # and 3 # subterranean rivers pass through the middle section of the tunnel area, which is the most karst-developed section of the whole tunnel, having karst caves and karst funnels (Figures 2-4) . The 2 # river is located 4496 m from the tunnel entrance ( Figure 2 ). The 3 # river is located 4643 m from the tunnel entrance. The two subterranean rivers are both nearly orthogonal with the tunnel line. The 2 # and 3 # subterranean rivers inrushed into the tunnel many times during the tunnel construction, which caused great difficulties in the tunnel engineering construction and maintenance [55] .
Karst fractures increase the contact area of water and carbonate rock, which is helpful to promote the corrosion of carbonate rock, and have a certain effect on the stability of tunnel bedrock. Moreover, the tunnel vault is one of the most vulnerable parts of a tunnel, and it is prone to cause tunnel accidents. Therefore, in this study, the most vulnerable area, the tunnel vault fracture zone, which is located under the Yangaotuo karst funnel and above the 2 # and 3 # subterranean rivers, was chosen as the key study area (Figures 2 and 3 ).
The Fissure Evolution Model and Simulation
Scheme in the Karst Area of the Tunnel 3.1. Conceptual Model of the Fissures in the Karst Area of the Tunnel. According to field investigations, the geological/ hydrogeological conditions, length, hydrochemical characteristics, and flow rates of 2 # and 3 # subterranean rivers were similar. A conceptual model was established for the study area, the main fissure, and the damage zone, which is above the 2 # subterranean river ( Figure 5 ). Based on previous investigations about the impact zones of different sizes of faults and fissures [56] [57] [58] [59] [60] [61] , the widths of the impact zones are generally 5-10 meters. In this study, the length and width of the impact zone of the tunnel fracture zone are all set to 24 meters, and the height of the simulated area was set as 60 meters based on the saturated zone above the vault of the tunnel. In field conditions, groundwater infiltrates from the top fracture zone, flowing through fissures and finally converging into the subterranean rivers. In the model, the upper and lower boundaries of the model were set as constant flow boundaries, and the lateral boundaries were set as no flow boundaries ( Figure 5 ). In the horizontal direction, the length of the long fissures is approximately 80 m and the length of the short fissure is approximately 5 m ( Figure 5 ). 4 Geofluids being 6 meters high, and the horizontal direction was divided into 6 columns, with each column being 4 meters wide; overall, the numerical model area was divided into 360 grids ( Figure 6 ). The central part of the model is the fracture core zone; moving outward from this zone are the damage zone and protolith zone successively. In addition, the permeability and porosity decrease from the central part of the fracture zone to both sides outward ( Figure 6 ).
3.3. Model Parameters and Simulation Scheme. According to previous research data [9, 10] , the permeability of the karst fracture zone in the simulation area is between 1.8 × 10 5 Geofluids permeability of the carbonatite (protolith) [62] [63] [64] . Therefore, in our model, the permeability of the protolith was set as 1.
Because the damage zone is distributed around the fracture core zone, the permeability in the model gradually decreases from the fracture core zone outward to the protolith zone.
According to the tunnel investigation department and at the same time the reference of the empirical value in Southwest China, the porosity of the protolith is approximately 7% and the porosity of the fracture core zone is approximately 20% to 35%. In the model, the porosity of the fracture core zone was set as 35%, 29%, and 20%, and the corresponding permeability values were set as 7. , respectively. The porosity and permeability of the protolith were set as 7% and 1.5 × 10 −14 m 2 , respectively. The mineral composition and density of the protolith were determined by the measured data of calcite (95%), illite (2%), and montmorillonite (3%). The chemical composition of groundwater was determined by water sample analysis, and its pH is 7.3. The water pressure range of the simulation area was assigned according to the field conditions ( Table 1 ). The atmosphere temperature in the study area is between −3.5°C and~41.7°C, and the temperature of the groundwater is between 10°C and 25°C. The temperatures of the injection water were set as 10°C, 15°C, 20°C, 25°C, 30°C, and 35°C in our model. The model parameters are shown in Table 2 . The karst ratios of different tunnel sections (Table 3) were obtained from analyzing the number of the fissures in soluble rock of karst areas and the karstification level [9, 10] .
The simulation area is in the middle section of the tunnel (3892 m~5276 m), where the karst development is the strongest. Because the karst development depends on water-rock action, the flow rates directly influence the development of karst. According to the field investigation of the tunnel, based on the water balance principle [9, 10, 65] , the annual rainfall infiltration amount of the whole tunnel area was calculated. The water quantity of the whole tunnel area was then allocated to the different sections of the tunnel using the karst ratios in Table 3 ; thus, the runoff distribution coefficient k i was obtained. k i can be calculated by
where r i is the karst ratio and l i is the length of the tunnel section. From the data in Table 3 , the flow rates of different tunnel sections were calculated by (2) . The flow rate of the simulated area in the model (Q z ) was finally obtained by (3):
where Q is the precipitation infiltration in the whole tunnel area and k z is the ratio of the simulation area size to the length of the most karst-developed parts of the tunnel. According to the field conditions, the simulation time length was set as 100 years in consideration of the service period of the tunnel. The injection flow rates were based on the rainfall of the dry year, the normal flow year, and the wet year, that is, 800 mm, 1100 mm, and 1500 mm in Wulong, respectively. Using (1), (2), and (3), the injection 6 Geofluids flow rates of the weak hydrodynamic condition (a), the middle hydrodynamic condition (b), and the strong hydrodynamic condition (c) were calculated to be 1.9 kg/s, 2.9 kg/s, and 3.9 kg/s, respectively. There were 54 different conditions considered to evaluate the evolution of fissure corrosion ( Table 4) . The simulation software used in this study was TOUGH-REACT, which is widely used in the numerical simulation of water-rock interactions [66, 67] .
Results and Discussion

Corrosion Range under Different Conditions.
The conditions of medium hydrodynamics and medium permeability were taken as examples (case 7(b)~case 12(b)) with which the corrosion process of fissures under different temperatures was analyzed (Figures 7-9) . By comparing Figure 7 with Figure 9 , during the same corrosion time, the corrosion range of 35°C was larger than that of 10°C. After 100 years of corrosion, the horizontal and vertical corrosion ranges of 35°C were 1.2 times and 1.3 times higher than those of 10°C, respectively.
The condition of medium hydrodynamics and the temperature of 20°C were taken as examples (case 3(b), case 9(b), and case 15(b)) with which the corrosion process of tunnel fractures under different porosity and permeability conditions was analyzed (Figures 10-12) . By comparing Figure 10 with Figure 12 , during the same corrosion time, the corrosion range of high-porosity and high-permeability conditions was larger than that of low-porosity and lowpermeability conditions. After 100 years of corrosion, the horizontal and vertical corrosion ranges of high-porosity and high-permeability conditions were 1.4 times and 1.6 times higher than those of low-porosity and low-permeability conditions, respectively.
The conditions of 20°C and medium permeability were taken as examples (case 9(a), case 9(b), and case 9(c)) with which the corrosion process of the tunnel fissure under different flow rates was analyzed (Figures 13-15) . By comparing Figure 13 with Figure 15 , during the same corrosion time, the corrosion range of the strong hydrodynamic condition was larger than that of the weak hydrodynamic condition. After 100 years of corrosion, the corrosion ranges of the strong hydrodynamic condition were 1.8 times and 2.2 times higher than those of the weak hydrodynamic condition, respectively.
Corrosion Ratios under Different Conditions.
Taking the high-porosity/permeability (case 1~case 6) and lowporosity/permeability conditions (case 13~case 18) as examples, we analyzed the corrosion ratios of the tunnel fissure under different flow rates and temperatures (Figures 16(a) and 17(b)). From Figures 16(a) and 17(b) , we can see that the corrosion ratio increased with the time of corrosion. During the same corrosion time, the higher the temperature, the greater the corrosion ratio. After 100 years of corrosion, the corrosion ratio (strong hydrodynamic condition and high porosity and permeability) of 35°C (0.4032%) was 1.2 times higher than that of 10°C (0.3369%). 12 Geofluids ratio (strong hydrodynamic condition, 35°C, and high porosity and permeability) (0.4032%) was 1.6 times higher than that of low porosity and permeability (0.2599%).
The comparison of Figure 16 (a) with Figure 17 (a) and Figure 16 (b) with Figure 17 (b), during the same corrosion time, reveals that under strong hydrodynamic conditions, the corrosion ratio was greater than that under the weak hydrodynamic condition. After 100 years of corrosion, the maximum corrosion ratio (0.4032%) under the strong hydrodynamic conditions (high porosity and permeability, 35°C) was 2.1 times than that under the weak hydrodynamic condition (0.1908%).
Evolution of Porosity and Permeability in the Fissure
Zone. The structure of the fissures in soluble rock of karst areas is the foundation of the corrosion. The porosity and permeability conditions in fissure zones are the main factors affecting the development of karst. Through the analysis of the effects of different temperatures and flow rates on corrosion, it was found that the most significant corrosion occurred at the temperature of 35°C and strong hydrodynamic conditions. Therefore, we selected 35°C and strong hydrodynamic conditions as an example with which the variation of the porosity and permeability of the fissure zone within 100 years was discussed.
According to the simulation results of 10-100 years of corrosion, the porosity and permeability changes in the fracture core zone of the karst development area were obtained. The relation curves of the increase of permeability with time are shown in Figure 18 . As shown in Figure 18 , the rate of change of permeability also increased with time. Permeability increased much faster under the condition of high permeability than under the condition of low permeability. After 100 years of corrosion, the permeability increased from 7. . It was 83.3 times higher than that under the low-permeability condition.
As shown in Figure 19 , under the conditions of different porosities, the porosity increased with the corrosion time (linear relationship). Under the condition of high porosity, porosity increased much faster than that under the lowporosity condition. After 100 years of corrosion, the porosity of the low-porosity condition increased from 0.200 to 0.203, while under the high-porosity condition, the porosity increased from 0.350 to 0.354. The maximum increase of porosity under the high-porosity condition was 2 times higher than that under the low-porosity condition.
The reasons for the changes in the corrosion range, porosity, and permeability of the fissure zone are discussed as follows:
The lithology of the study area is carbonate rocks comprising 95% calcite; the corrosion of carbonate rocks was mainly caused by calcite corrosion, and the chemical reaction equations are as follows: Because calcite corrosion's chemical balance will be affected by temperature, in the range of simulated temperatures (10°C~35°C), the reaction rate constant increased with temperature, causing the reaction's equilibrium to move towards the direction of the solution. These results have the same corrosion trend as those obtained by Pokrovsky et al. [23] and Huang [68] . They used an experimental method to According to (4) , during the corrosion of calcite, Ca
2+
was the main product of the chemical reaction. Under weak hydrodynamic conditions, the flow through the fissures was less and the travel time of water through the fissures was longer. Therefore, the concentration of dissolved Ca 2+ was higher in the water, and when the water flow reached the lower part of the fissure, the concentration of Ca 2+ in the water was close to saturation. Therefore, corrosion mainly occurred in the upper part of the fissure under the weak hydrodynamic condition, and the corrosion ratio was relatively small. In contrast, in the strong hydrodynamic conditions, the flow rate through the fissures was faster and the travel time of water through the fissures was shorter than that under the weak hydrodynamic condition. Therefore, the concentration of dissolved Ca 2+ was lower in water under the strong hydrodynamic condition, and when the water seepage reached the lower part of the fracture, the concentration of Ca 2+ was lower. The resulting corrosion of the fissures was more obvious than that of those in the weak hydrodynamic condition, and the corrosion range runs through the whole fissure with a higher corrosion ratio. In addition, due to the increased flow rate, the mechanical failure of the rock is enhanced, which makes the surface of the rock broken. The rock powder on the broken surface of the rock was carried away by the water, thus increasing the corrosion ratio and corrosion range.
Under the conditions of high porosity and permeability, the porosity and permeability increased faster than those under the low-porosity and low-permeability condition. After 100 years of corrosion, the permeability change under the high-permeability condition was 83.3 times higher than that under the low-permeability condition, while the change of porosity under the high-permeability condition was only 2 times higher than that under the low-permeability condition. It can be speculated that with continuing corrosion, more and more dead-end pores became effective pores. Due to the transformation of dead-end pores into effective pores, the connectivity between pores was significantly enhanced and the increase of fissure permeability became significantly larger, while the porosity increased only slightly. Therefore, the degree of change in permeability was much greater than that in porosity in the same period.
According to the simulation results, the larger the porosity and permeability were, the more significant the increases in porosity and permeability were, which led to the enhancement of corrosion in the high-porosity and high-permeability zones and enhancement the differential corrosion of karst. 14 Geofluids
Comparison of the Field Corrosion Experiment Results to the Numerical Simulation Results
To further explore the corrosion characteristics of rock samples at the tunnel's key karst development parts and verify the reliability of the simulation results, a field corrosion experiment was carried out. The field experimental site was a gully in the Wulong tunnel construction area, which is in the key development parts of the tunnel karst area. The width of the gully is approximately 2.5 meters (Figure 20) , and the lithology of the underlayer stratum is thick-layer limestone. The gully is covered with clay, gravel, and plants. The burial depth of groundwater was small. The experimental rock samples were made of the limestone of the Changxing Formation, with a size of 30 mm × 10 mm × 10 mm (Figure 21(b) ). The rock samples were placed into a plastic box with holes that allowed groundwater to flow through it. The plastic box was buried underground below the groundwater level (Figures 20 and 22) .
After one year of corrosion, the box was taken out and the degrees of corrosion of the rock samples ( Figure 20) were measured. Because the corrosion of rock samples depends on the surface area of the water-rock interaction, we used (5) to calculate the surface corrosion ratio R (g/(m 2 ·a)).
where R = m/st is the corrosion ratio of the unit area (g/(m Table 5 .
From Table 5 , we can see that the surface corrosion ratio of rock samples in the field experiments was less than that in the numerical simulation. The surface corrosion ratio of the weak hydrodynamic condition (numerical simulation) was close to that of the field experiments. Analyzing the hydrogeological conditions of the field experiment and the setting of hydrogeological conditions in numerical simulation, the water flow in the numerical simulation was mainly in the fracture core and the flow rates were faster than those in the field experiments. Thus, in the strong hydrodynamic condition and medium hydrodynamic condition, the surface corrosion ratios obtained in the simulation were higher than those obtained in the field experiment. However, overall, the differences in the corrosion ratio between the numerical simulation and field experiment were on the same order of magnitude. Therefore, the results of the numerical simulation model were reliable, and the model can be used to predict the corrosion evolution of the fissures in soluble rock of the tunnel in the future.
Conclusion
In this study, the numerical simulation model of the fissures in soluble rock of karst areas of the Wulong tunnel was established, and the corrosion characteristics of the fissures were evaluated. The conclusions were as follows:
(1) The development of the fissures in soluble rock of karst areas of the tunnel was mostly affected by the flow rates. After 100 years of corrosion, under the influence of temperature and porosity and permeability, the maximum corrosion range and corrosion ratio were only 1.2 times~1.6 times higher than the minimum values, respectively. In contrast, the corrosion range of the strong hydrodynamic condition was approximately 1.8 times~2.2 times higher than that of the weak hydrodynamic condition, and the corrosion ratio of the strong hydrodynamic condition was 2.1 times higher than that of the weak hydrodynamic condition.
(2) In the temperature range of 10°C~35°C, the corrosion range and the corrosion ratio were proportional to the temperature because the reaction rate constant increased with temperature, causing the reactions' equilibria to move towards the direction of the solution. After 100 years of corrosion, the corrosion ranges of 35°C were 1.2 times~1.3 times higher than those of 10°C, and the corrosion ratio of 35°C was 1.2 times higher than that of 10°C.
(3) The porosity and permeability of the fissure zone enhanced the corrosion of the fissure and enhanced the differential corrosion of karst. The higher the porosity and permeability were, the more significant the enhancement effects on the porosity and permeability were. Many of the dead-end pores became effective pores, which greatly increased the permeability, but the slightly increased porosity also accelerated the corrosion damage of the tunnel.
(4) The simulation results were verified by the field experiment, and the simulation model can be used 16 Geofluids to quantitatively predict the corrosion evolution of a fissure zone within the acceptable range of error.
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